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Abstract The paper examines the sensitivity of daily airborne
Ambrosia (ragweed) pollen levels of a current pollen season
not only on daily values of meteorological variables during
this season but also on the past meteorological conditions. The
results obtained from a 19-year data set including daily rag-
weed pollen counts and ten daily meteorological variables are
evaluated with special focus on the interactions between the
phyto-physiological processes and the meteorological ele-
ments. Instead of a Pearson correlation measuring the strength
of the linear relationship between two random variables, a
generalised correlation that measures every kind of relation-
ship between random vectors was used. These latter correla-
tions between arrays of daily values of the ten meteorological
elements and the array of daily ragweed pollen concentrations
during the current pollen season were calculated. For the
current pollen season, the six most important variables are
two temperature variables (mean andminimum temperatures),
two humidity variables (dew point depression and rainfall)
and two variables characterising the mixing of the air (wind
speed and the height of the planetary boundary layer). The six
most important meteorological variables before the current
pollen season contain four temperature variables (mean, max-
imum, minimum temperatures and soil temperature) and two
variables that characterise large-scale weather patterns (sea
level pressure and the height of the planetary boundary layer).
Key periods of the past meteorological variables before the
current pollen season have been identified. The importance of
this kind of analysis is that a knowledge of the past meteoro-
logical conditions may contribute to a better prediction of the
upcoming pollen season.
Keywords Ragweed pollen . Respiratory allergy . Current
weather . Past weather . Distance correlation . Key period
Introduction
Finding the relationship between the past values of the mete-
orological elements and the actual pollen season is an issue of
great importance in aerobiology, but only few papers have
been published on this topic. In an early detailed analysis,
temperature and relative humidity displayed a positive and
negative correlation with Ambrosia pollen release, respective-
ly, though omitting the effect of past meteorological elements
(Bianchi et al. 1959). However, for instance, Speiksma et al.
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(1995), using linear correlations, found that the air tempera-
ture during the preceding 40 days had a decisive influence on
the start date of the Betula pollen season. In Melbourne, Ong
et al. (1997) used the rainfall total of July to develop a linear
regression analysis to predict the onset of the grass pollen
season. Käpylä (1984) and Galán et al. (1998) observed that
diurnal pollen concentrations of trees were much more irreg-
ular than those for herbaceous taxa without having a clear and
recurrent annual pattern. Furthermore, once anthesis has
started in trees, it is relatively independent of weather vari-
ables (Käpylä 1984). Emberlin and Norris-Hill (1991)
established that annual differences in the cumulative
Urticaceae pollen concentration were primarily due to weather
conditions in the period of pollen formation and only
secondarily due to weather conditions in the pollen release
season. Moreover, relative humidity, temperature, wind speed
and rainfall were the most important in daily variations, but
their relative importance varied over the years. Giner et al.
(1999) associated daily Artemisia pollen concentrations with
global solar flux, the minimum temperature and rainfall in the
preceding weeks by applying linear correlations. They found
that once pollination had begun, meteorological factors (ex-
cluding the wind direction) did not seem to significantly
influence pollen concentrations. Though the above-
mentioned papers cover the past effects of the meteorological
elements on phyto-physiological processes of certain species;
however, to the best of our knowledge, no related studies exist
for ragweed. Also, no studies are available where the authors
separate the weights of the current and past meteorological
elements in influencing the current pollen concentration either
for Ambrosia or for other taxa.
General observations show that the earth’s ecosystem is
experiencing a global warming that is exerting a regional
impact on the natural and human environments. This involves
changes in characteristics (start and end dates of the pollen
season, length of the pollen season, daily peak pollen counts,
total annual pollen count) of allergenic pollen in the mid- and
high latitudes of the Northern Hemisphere (IPCC 2013).
Ambrosia favours disturbed lands, having no competitors
and does not like shading. Closed stocks and grasses are
unfavourable to its propagation. As a result of global
warming, its higher potential distribution is anticipated due
to its high climate tolerance. Namely, this genus can adapt
well to dry and hot conditions. If more fallow areas appear in
the landscape, its further increase is expected, especially on
sandy soils (Makra et al. 2011; Ziska et al. 2008).
Daily ragweed pollen concentration is influenced by nu-
merous factors and processes. Altogether, 10 factors are listed
and introduced below, but we should add that only soil con-
ditions in the root zone, as well as current and preceding
weather variables (including the height of the planetary
boundary layer (PBL)) are analysed and discussed in detail.
Influencing factors with their explanations are listed in
separate paragraphs indicated by increasing serial numbers
as follows:
(1) Genetic attributes. They are taxon-dependent and have
adapted themselves over many climate cycles (Prentis
et al. 2008; Hodgins and Rieseberg 2011).
(2) Soil type including location specific nutrient availability.
Ambrosia favours sandy soils (Szigetvári and Benkő
2004). However, land eutrophication facilitating higher
pollen production (Szigetvári and Benkő 2004) is not a
characteristic in an agricultural area consisting of small
private plots for the Szeged agglomeration (Deák et al.
2013). (Szeged is the largest settlement in south-eastern
Hungary. See more information on this city and its
surroundings in section ‘Location and data’.)
(3) Soil conditions in the root zone. Soil temperature and soil
humidity may be important influencing parameters for
plant development and hence for pollen production. Soil
temperature and soil humidity may be key influencing
parameters for plant development and hence for pollen
production. The depth of Ambrosia seeds in the soil
modifies the effect of soil temperature and soil moisture.
Namely, for seeds found deeper, the soil temperature
increases more slowly with depth and soil moisture is
above its optimum value. Hence, a worse germination
rate can be expected here. Based on laboratory experi-
ments, germination is the best directly on the surface,
while it gradually worsens with increasing depth. The
optimum germination depth of Ambrosia seeds in Hun-
gary is 3 cm; however, even if germination is successful,
if the seed is deeper than 7 cm in the soil, the plant cannot
reach the surface (Kazinczi et al. 2008).
(4) Land use may change. Ragweed pollen concentrations
are influenced by agricultural and social factors (Deák
et al. 2013). Stripping agricultural lands for building
purposes could mean an expansion of neglected areas
that contributes to an increase of habitat regions of weeds
and hence to an increase in pollen production (Makra
et al. 2011).
(5) Current and preceding weather variables. Pollen grains
will be removed from the anther when the climate pa-
rameters dependent forces acting to remove the particles
exceed the binding force (Jones and Harrison 2004).
Ragweed pollen concentration is proportional to the
daily mean air temperature (Puc 2006), while it displays
an inverse relationship with the daily relative humidity
(Puc 2006). Solar radiation also influences pollen levels
(Laaidi et al. 2003). But the above associations are highly
complex. For instance, the lack of available water during
the hottest summer period can limit pollination capabil-
ities of Ambrosia because the plant concentrates on pre-
serving water and maintaining its vegetative life func-
tions at the expense of its generative processes (Makra
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et al. 2011). However, the role of rainfall and wind speed
is unclear. Higher pollen concentrations may occur as a
result of a slight rain and wind breeze, both shaking
plants moderately and, hence, facilitating pollen release.
A moderate wind speed, in conjunction with high solar
radiation and low relative humidity, promotes drying and
then rupturing of anthers, resulting in an increase in
pollen release. However, heavy showers by washing
out pollen from the air and/or wind by blowing from
pollen-free areas contribute to a decrease in local pollen
levels (Jones and Harrison 2004). At higher wind speeds,
pollen concentrations may become diluted due to the
higher turbulence (Jones and Harrison 2004). In addi-
tion, the frost that kills the adult plants in autumn has a
major role as it is associated with the ceasing of pollen
production (Ziska et al. 2008; Chapman et al. 2014).
(6) Height of the planetary boundary layer (PBL). The PBL
height characterising the mixing in the air may provides
an indication of the dilution of the pollen concentration.
Namely, an afternoon increase in pollen concentration
may be associated with a reduction in height of the
mixing layer and, vice versa, a thicker mixing layer
insures a more efficient dilution of pollen concentration
(Jones and Harrison 2004).
(7) Long-range pollen transport. Ambrosia pollen with its
aerodynamic diameter of around 20 μm can be
transported over long distances (Sofiev et al. 2006a;
Makra et al. 2010)
(8) Resuspension of the pollen grains. This effect facilitated
by strong winds preceding storms may contribute to an
increase of the local pollen level (Venables et al. 1997;
Sofiev et al. 2006b).
(9) Disruption of the pollen grains. This may occur by rain
producing smaller starch particles (Venables et al. 1997).
The ratio of these small particles comprising protein may
be up to 11–15 % of the total fine particles in the air
(Womiloju et al. 2003).
(10) Pollen grains as condensation nuclei. This process may
substantially reduce the airborne pollen level. Particles
of a certain size can act as efficient condensation nuclei
at a higher relative humidity or dew point (Pope 2010).
The efficiency of the long-range pollen transport will be
reduced with those particles that have become conden-
sation nuclei during the transport process.
The novelty of our present paper is twofold. First, previous
studies concerning the analysis of the relationship between the
past values of the meteorological elements and the actual
pollen season characteristics (phenological characteristics:
start, end and duration of the pollen season; quantity related
characteristics: annual total pollen counts, peak pollen counts)
used linear correlations; hence, their results might be unclear
and distorted (see first paragraph of Section 1: Spieksma et al.
1995; Ong et al. 1997; Giner et al. 1999). Here, instead of
using the traditional Pearson correlation, a generalised corre-
lation able to measure not only the linear but every kind of
relationship between variables is applied. Second, we examine
not the pollen season characteristics but daily airborne rag-
weed pollen levels by relating them to both the actual daily
values of meteorological variables and the past meteorological
conditions. The results are evaluated with special attention to
the interactions between the phyto-physiological processes
and the meteorological elements.
Materials and methods
Location and data
Szeged (46.25°N; 20.10°E), the largest settlement in south-
eastern Hungary is located at the confluence of the Rivers
Tisza and Maros (Fig. 1). The area is characterised by an
extensive flat landscape of the Great Hungarian Plain, namely
Pannonian Plain, with an elevation of 79 m above sea level.
The city is the centre of the Szeged region with 203,000
Fig. 1 Location of Szeged in Europe/Hungary (upper panel) and the
urban web of Szeged with the positions of the data sources (lower panel).
1: meteorological station; 2: aerobiological station. The distance between
the aerobiological and the meteorological station is 2 km
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inhabitants. The climate of Szeged belongs to Köppen’s Ca
type (warm temperate climate) with relatively mild and short
winters and hot summers (Köppen 1931).
The selection of Szeged can be justified by the following
considerations. (1) Szeged is located almost at the centre of
the Pannonian Plain within the Carpathian Basin. The im-
portance of this fact is that the Carpathian Basin is the area
having the highest pollen concentrations in Europe (Makra
et al. 2010); (2) Ambrosia pollen counts measured at Szeged
are mainly of local origin completed with medium-range
transport, while the role of long-range transport is small
(Makra et al. 2010); (3) Ambrosia pollen counts measured
at Szeged are representative for the whole Carpathian Basin
(Makra 2012); accordingly, one station (e.g.. Szeged) is
sufficient to characterise associations between Ambrosia pol-
len counts as the target variable, on one hand and meteoro-
logical variables as influencing variables on the other; (4)
Szeged has the biggest Ambrosia pollen data set in the
Carpathian Basin, commencing in 1989.
The pollen content of the air was measured using a 7-day
recording Hirst type volumetric spore trap (Hirst 1952)
(Fig. 1). The air sampler is located on top of the building of
the Faculty of Arts at the University of Szeged, approximately
20 m above the ground surface (Makra et al. 2010). We used
daily ragweed pollen concentrations (pollen grains/m3 of air)
and daily values of the following meteorological variables:
mean temperature (T, °C), mean dew point depression (T–Td,
°C) (where Td is the temperature to which the initial tempera-
ture should be decreased at constant air pressure in order to
reach saturation), mean sea level atmospheric pressure (SLP,
hPa), mean wind speed (WS, m/s), maximum air temperature
(Tmax, °C), minimum air temperature (Tmin, °C), rainfall
amount (RF, mm), soil temperature (Tsoil, °C) at 10 cm depth,
soil moisture (Hsoil, mm) at 10 cm depth and mean planetary
boundary layer height (PBL, m). The first seven meteorolog-
ical variables were measured in a meteorological monitoring
station located in the inner city area of Szeged (Fig. 1). Tsoil and
Hsoil were measured at the Meteorological Observatory of
Szeged on the outskirts of the city. PBL data for Szeged were
available as 3-hourly data from the ECMWF ERA Interim
Database. ERA Interim data is measured data. The majority
of the data originates from satellites. The measurements of
atmospheric refraction got from GPS radio occultation be-
gan to be used in ERA Interim in 2001. The conventional
observing system, despite its much lower data volumes, still
serves as an indispensable constraint to the atmospheric
reanalysis. In situ measurements of upper-air temperatures
(T), wind (u/v) and specific humidity (q) are available from
radiosondes, pilot balloons, aircraft and wind profilers. Ob-
servations of the surface pressure (P), 2 m temperature, 2 m
relative humidity (RH) and near-surface (10 m) winds (u/v)
from ships, drifting buoys and land stations have also been
assimilated (Dee et al. 2011).
The 19-year data sets of the above-mentioned parameters
were used in our analysis for the period 1989–2007.
The pollen season is defined by its start and end dates. For
the start (end) of the season, we used the first (last) date on
which one pollen grain/m3 of air is recorded and at least five
consecutive (preceding) days also show one or more pollen
grains/m3 of air (Galán et al. 2001). As the pollen season
varies from year to year, the longest observed season (from
July 15 to October 15) including 93 days was considered for
each year.
Arrays of the daily values of the above-mentioned
influencing variables in the pollen season of Ambrosia were
labelled as current variables, while arrays of these variables in
the period starting from the first pollen-free day following the
previous pollen season (October 16) to the last pollen-free day
preceding the actual pollen season (July 14) were labelled as
past variables.
Methodology
A simple way to measure the strength of the relationships
between daily pollen concentrations and daily values of me-
teorological elements is to calculate correlations between
them. The correlation, however, characterises linear relation-
ships, but relationships between pollen levels and meteoro-
logical conditions might be nonlinear (Jones and Harrison
2004). Therefore, there is a need for a generalised correlation
R that measures every kind of relationship between random
variables. Such a correlation satisfies |R|≤1. Here, |R|=1 when
the two random variables X and Y have a deterministic rela-
tionship, and R=0 when X and Y are independent.
Let Y be a 93-dimensional random vector representing
daily pollen concentrations during the 93-day length pollen
season of Ambrosia. Let X be a 93-dimensional random vector
representing daily values of a given meteorological element
during the same period when the relationship between the
current pollen levels and the current meteorological conditions
is in question. Otherwise, X is a 272-dimensional random
vector when the relationship between the current pollen levels
and the past meteorological conditions is examined. The value
272 comes from the fact that the period starting from the first
pollen-free day following the previous pollen season to the
last pollen-free day preceding the actual pollen season covers
272 days.
Székely et al. (2007) introduced a distance correlation that
is able to measure any kind of relationship between random
vectors having equal or different dimensions. Székely and
Rizzo (2013a) developed a modified distance correlation
R(X,Y) and its sample estimate bR X ; Yð Þ with a test for zero
correlation in high dimensions. This modified sample corre-
lation performs much better in high dimensions than the
original correlation even for a small sample size n. Therefore,
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this technique will be applied here because of our high dimen-
sions (93 and 93 or 93 and 272) and small sample sizes (n=19
or 18 as we have 19-year data). Let (x1,y1),…,(x1,yn) be a
sample for (X,Y). The modified sample distance correlation is
defined as
bR X ; Yð Þ ¼ v0 X ; Yð Þﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
v0 X ;Xð Þv0 Y ; Yð Þp ð1Þ
with modified sample distance covariance
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asymptotically has a t distribution with degrees of freedom
m=n(n−3)/2, and the convergence of the true distribution of
Q to the asymptotic distribution is fast.
It is useful to determine the order of importance of the
meteorological variables in influencing pollen concentrations.
This is based on partial distance correlations (Székely and
Rizzo 2013b) as partial correlation helps spot spurious corre-
lations (i.e. correlations explained by the effect of other vari-
ables) as well as to reveal hidden correlations (i.e. correlations
masked by the effect of other variables). The method is a
natural extension of the well-known stepwise regression
(Draper and Smith 1981) in multivariate linear regression
but using distance correlations. Our procedure based on partial
distance correlations can be summarised as follows: (1) Prior
to calculations, the meteorological variable XS exhibiting the
highest bR X ; Yð Þ  value from every possible X is selected as
the most informative variable. Note that bR X ; Yð Þ can be
viewed as a partial distance correlation without conditioning
on other variables. (2) Take Z=XS. (3) Calculate the partial
correlation bRp X ; Y ; Zð Þ between X and Y conditioned on Z.
(4) The meteorological variable which provides the highestbRp X ; Y ; Zð Þ  value among every possible X not included in
Z is selected as the next most informative variable. Merge this
selected variable with Z to get a new Z. (5) Repeat steps 3 and
4 until one (the least informative) meteorological variable
remains.
When the relationship between the current pollen levels
and the past of a meteorological variable is examined, it is
unrealistic that this meteorological variable is uniformly
informative over the entire 272-day period for future pollen
concentrations. Therefore, it is useful to determine those
subperiods (hereafter called key periods) where the meteo-
rological conditions have the biggest influence on the pol-
len concentrations. These periods should not be too long,
but they should not be too short either, as meteorological
conditions for only a few days should not be crucial for
far-future daily pollen production. Hence, the key period
for a given meteorological variable is searched by finding
the maximum of bR1 ;…; bRm  , where bR1;…; bRm repre-
sent correlations estimated for the period lengths from 7 to
70 days (dimension of X varies from 7 to 70) with every
possible starting date. A problem here is that the probabil-
ity distribution of max bR  under the null hypothesis H0:
R1=R2=…=Rm=0 is not known, in contrast to the proba-
bility distribution of bR under H0:R=0 (Székely and Rizzo
2013a). Let (x1,y1),…,(x1,yn) (n=18) be the sample of
(X,Y) for a given period. (1) Form a sample (xi(1),yi(1)),
…,(xi(n),yi(n)), where i(j)≠j,j=1,…n are randomly chosen
such that i(j)≠i(k),k≠j, and calculate bR . (2) Perform step 1
for each period selected. (3) Take the maximum of thesebR  values. (4) Perform steps 1–3 N=1000 times to get a
sample of maxima. The 1−ε quantile of this sample is the
critical value for max bR  to reject H0:R1=R2=…=Rm=
0 at a significant level ε.
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Results and discussions
Correlations between arrays of daily values of the 10 meteo-
rological elements in question and the array of daily ragweed
pollen concentrations during the pollen season are in general
highly significant (Table 1). T, Tmax, Tmin and Tsoil display a
significant positive correlation, while T−Td, SLP, WS and RF
indicate a significant negative correlation. The role ofHsoil and
PBL is, however, negligible. Tmin, WS and T−Td, in decreasing
order, are the most important in influencing the daily ragweed
pollen concentrations, while SLP, Hsoil and Tmax are the least
informative variables. T, Tmax and Tmin as temperature param-
eters are directly proportional to ragweed pollen counts. This is
an expected association as Ambrosia is warm-tolerant
(Kazinczi et al. 2008). During the vegetation period, the tem-
perature increases and hence the degree of metabolic and
generative processes become more active, and this contributes
to the growth and pollen production of the plants. The impor-
tance of Tmin (indicated by its highest correlation) is
emphasised by the two points that the vegetation period starts
after early spring frosts and pollen production ceases immedi-
ately after the first frost occurs in autumn (Ziska et al. 2008).
The role of WS is unclear as it can be either positive or
negative. If air currents arrive over regions providing high
(low) ragweed pollen production from an area characterised
by smaller (higher) pollen counts, the role of WS is negative
(positive). As the Szeged area is characterised in general by
extreme high ragweed pollen loads, WS should play a nega-
tive role by transporting air with smaller pollen content over
the city, hence diluting the locally released ragweed pollen
grains.
T−Td is a humidity difference that tells us how much the
actual temperature is to be reduced in order to reach dew point.
Small values of T−Td displaying high relative humidity in-
volve a smaller pollen concentration. This negative associa-
tion can be explained by the fact that pollen grains, with higher
humidity, can more easily cohere and in this way result in a
smaller number of particles. A secondary consequence which
reinforces this point is that pollen grains which stick together
are heavier and accordingly drop out from the air faster, and
this further decreases the pollen concentration. Furthermore,
when a warm front is approaching or after a rain shower, the
relative humidity is also higher (T−Td is lower)—which again
leads to a decrease in the pollen count. In contrast, with low
relative humidity (indicated by high values of T−Td), the
anther becomes dry and this aids its rupturing and pollen
release, which increases the air pollen level. As a result, a
negative association of T−Td with the pollen concentration (in
the actual pollen season) can be simply explained by the above
points (Láng 1998; Haraszty 2004).
The role of rainfall is somewhat less clear. Drizzle or short
moderate rain, associated with a passing warm front, can
shake plants slightly and encourage pollen release. Despite
this, water is required for photosynthetic and generative pro-
cesses that are indispensable for pollen production. However,
heavy local showers during the period of the substantial pollen
release (high summer and early autumn) wash out the pollen
from the air. The importance of these showers is to refill the
water storage of soil and vegetation in order to contribute to
the survival of plants. In extremely dry periods, the plant
reduces its pollen production for the sake of survival. If
sufficient water is available for the above-mentioned photo-
synthetic and generative processes, the plants can use it for
pollen production (Láng 1998; Haraszty 2004). In short, the
role of rainfall in pollen release is quite complex.
The order of importance of the variables based on partial
correlations (last column of Table 1) and order of correlations
is rather different. This is because correctly arranging the
importance of influencing variables for a target variable is
not only a difficult but probably an unrealistic task due to
multiple relationships among variables. Our ordering proce-
dure is based on partial distance correlations (section
‘Methodology’) as partial correlation helps spot spurious cor-
relations (i.e. correlations explained by the effect of other
variables) as well as to reveal hidden correlations (i.e. corre-
lations masked by the effect of other variables).
The main results of the correlations between arrays of daily
values of meteorological variables in the period starting from the
first pollen-free day following the previous pollen season (Oc-
tober 16) to the last pollen-free day preceding the actual pollen
season (July 14) and array of daily pollen counts of the actual
pollen season are as follows (Table 2): Past values of Tsoil and
Hsoil display significant positive associations, while those of
T−Td, SLP,WS and RF display significant negative associations
Table 1 Correlations between daily values of the meteorological ele-
ments and the daily ragweed pollen concentrations during the entire
pollen season. Last column is based on partial correlations
Variable Correlation Significance level Order of importance
T 0.412 <0.001 4
T–Td −0.188 0.02 3
SLP −0.298 <0.001 10
WS −0.211 0.01 2
Tmax 0.212 0.01 8
Tmin 0.479 <0.001 1
RF −0.202 0.02 5
Tsoil 0.321 <0.001 7
Hsoil 0.019 0.99 9
PBL 0.024 0.98 6
T mean temperature (°C), T–Td mean dew point depression (°C), SLP
mean sea level atmospheric pressure (hPa), WS mean wind speed (m/s),
Tmax maximum air temperature (°C), Tmin minimum air temperature (°C),
RF rainfall amount (mm), Tsoil soil temperature (°C) at 10 cm depth, Hsoil
soil moisture (mm) at 10 cm depth, PBL mean planetary boundary layer
height (m)
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with actual ragweed pollen counts. In addition, T, Tmax, Tmin and
PBL have no significant effect on the current ragweed pollen
concentrations. Past SLP, T and Tmin are the most influential
elements (in this order), while RF, WS and T−Td are the least
informative for determining the current pollen concentrations.
SLP is a complex meteorological variable that partly in-
volves the effects of all variables as variations of SLP are
related to marked weather phenomena that affect almost every
meteorological element.
Past values of T, Tmax and Tmin display no significant
correlations with the actual pollen counts. However, the last
column of Table 2 clearly shows their importance. For in-
stance, temperature conditions in winter and early spring are
important from a survival perspective of the seeds, and they
influence their future germination.
The plant survives the winter period in the form of seed and
so the soil variables are important for the following vegetation
phases. Soil temperature (Tsoil) at the positive range and the
refill of the water storage of the soil (Hsoil) by the beginning of
the vegetation period are very important as this is a basic
condition for the start of germination, and it displays definite
positive associations between the past soil variables on one
hand and the Ambrosia pollen concentration on the other. Note
that Hsoil is determined not only by rainfall of the pollen-free
period preceding the actual pollen season but also by the
rainfall of earlier periods. Hsoil is also influenced by ground
water flows, and it has a much longer-lasting effect on the
actual ground water levels.
The significant negative association between past T−Td and
current pollen levels is hard to account for. It seems reasonable
that there exists another influencing variable that significantly
correlates with both the current pollen counts and the past
T−Td values. Nevertheless, it seems rather difficult to identify
this variable. A similar argument can be applied for WS as
well. The role of RF in the pollen season is much more
important than that in the pollen-free season preceding the
actual pollen season. A large amount of rain falling in the
pollen-free season preceding the actual pollen season can
favour the competitors. This effect can substantially reduce
the population size of ragweed and lead to a decrease in the
actual pollen counts. As a result, a negative value of R for
rainfall (RF) in Table 2 appears reasonable.
We should mention here that both the past and current
values of T and Tmin are highly influential for the current
pollen season. T is associated with the fact that nearly optimal
or even rather warm conditions are essential for ragweed,
while Tmin is important because of ragweed’s poor frost toler-
ance (Ziska et al. 2008). The highest difference in the order of
importance of the past and current values of the influencing
variables is observed for T−Td, WS, RF and SLP. T−Td, WS
and RF are all important in the actual pollen season, while
they are unimportant in the pollen-free season preceding the
actual pollen season. In winter, the plant exists as seeds and
this time, only the survival is important for the plant. In the
actual pollen season, T−Td, through relative humidity and RF,
helps in the outwashing of the pollen grains from the air. In
the preceding pollen-free season, the air is free of pollen
grains, so these factors are irrelevant. The survival of the
seeds is independent of WS, but it substantially influences
pollen concentration through transport processes in the pol-
len season. RF is less important in winter, since it falls
mostly in the form of snow that can be used for plants just
after melting, which increases Hsoil (Láng 1998; Haraszty
2004). SLP is the most important of all the influencing
variables in the pollen-free season preceding the actual
pollen season (Table 2), while it is the least relevant in the
actual pollen season (Table 1). This is because in the winter
period, only the survival of the seeds is crucial and the role
of past meteorological variables essential in this survival
partially appears via SLP (Table 2). However, in the actual
pollen season, the influence of the remaining current mete-
orological variables is more visible as phyto-physiological
processes occur only in the actual pollen season and hence
multiple associations of the current meteorological variables
with these processes are much more complicated than the
mere survival of Ambrosia (Table 1).
In the winter period, meteorological variables exert their
own effects partly via SLP on the survival of the seeds
(Table 2). Namely their own, direct effects along with the
indirect effects of the meteorological parameters influence
the viability of seeds. In the same way, during the current
pollen season, the same relationship affects Ambrosia pollen
concentration (Table 1).
Table 2 Correlations between daily values of the meteorological ele-
ments in the ragweed pollen-free season preceding the actual pollen
season and the daily ragweed pollen concentrations during the actual
pollen season. Last column is based on partial correlations
Variable Correlation Significance level Order of importance
T 0.015 0.99 2
T–Td −0.168 0.05 8
SLP −0.318 <0.001 1
WS −0.210 0.01 9
Tmax −0.014 0.99 4
Tmin −0.057 0.71 3
RF −0.172 0.05 10
Tsoil 0.232 0.01 6
Hsoil 0.177 0.05 7
PBL −0.136 0.19 5
T mean temperature (°C), T–Td mean dew point depression (°C), SLP
mean sea level atmospheric pressure (hPa), WS mean wind speed (m/s);
Tmax maximum air temperature (°C), Tmin minimum air temperature (°C),
RF rainfall amount (mm); Tsoil soil temperature (°C) at 10 cm depth,Hsoil
soil moisture (mm) at 10 cm depth, PBL mean planetary boundary layer
height (m)
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We should again emphasise that both SLP and the other
meteorological parameters have their own direct effect, as well
as indirect effects through the other parameters for determin-
ing the target variable. It is a difficult task to distinguish these
two effects for determining Ambrosia pollen concentration in
the actual pollen season or determining the survival of the
seeds in the pollen-free season preceding the actual pollen
season. However, an attempt can be made to separate these
two components. Namely, both SLP (with its direct effect) and
the other meteorological parameters (with their indirect ef-
fects) can be characterised by their data. Applying an appro-
priate statistical procedure (such as factor analysis with special
transformation, Jahn and Vahle 1968) the load of both SLP-
related direct components and the other climate parameter-
related indirect components of the survival of the seeds in the
pollen-free season and Ambrosia pollen concentration in the
actual pollen season can be estimated. However, such an
analysis is beyond the scope of the paper.
Key periods of meteorological variables in the pollen-free
season preceding the actual pollen season for pollen concen-
trations during the actual pollen season are shown in Table 3.
RF does not exhibit a significant correlation at the probability
level of 0.05. This finding seems to contradict Table 2 as the
correlation between past values of this meteorological vari-
able, and pollen concentrations in the actual pollen season is
significant. However, the critical value of the correlations
being significantly different from zero is substantially higher
for Table 3 because the key period is selected according to the
maximum of the correlations (see section ‘Methodology’).
Therefore, Table 3 appears to tell us that rainfall has no well-
defined key period influencing pollen concentrations. The key
periods can be classified into four groups according to their
timing in the year. Namely, groups of the key periods found in
June–July are indicated by serial number 1; in January–Feb-
ruary, it is group no. 2; in November and December, it is group
no. 3; and in April–May, it is group no. 4 (Table 3). It should
be added that highest significant correlations appear in group
3, consisting of WS, Tmin and PBL. The key periods (Table 3)
can be phyto-physiologically interpreted. Temperature and
humidity thresholds for the soil should be exceeded by mid-
spring in order to start the development of the plants (germi-
nation). The highest impact of Tsoil and Hsoil for the current
pollen concentrations of the actual pollen season is delimited
by their key periods of April 12–23 and April 27–May 8,
respectively. For Tmax, the period April 25–May 5 is of key
importance regarding the vegetative processes. At the turn of
June and July (June 27–July 7), the temperature plays a
dominant role in the vegetative and the beginning generative
processes. This is the time when the first Ambrosia pollen
counts can be captured and simultaneously when a continental
rainfall peak can occur. This rainfall peak can be delayed to
this period and a delay may suppress the development of
plants. As regards Tmin, the period of November 19–28 seems
to be of key importance due to the early frosts, and this may
reduce the survival potential of the seeds. Though the remain-
ing variables (with their key periods), namely T−Td (January
27–February 5), SLP (June 12–24),WS (December 6–15) and
PBL (December 2–13) significantly influence the pollen con-
centration in the current pollen season, direct associations with
the current pollen concentrations cannot be phyto-
physiologically interpreted except for SLP. A significant neg-
ative association of this latter meteorological variable in the
period June 12–24 with the pollen counts in the current pollen
season may be again due to a continental rainfall peak. Fre-
quent weather fronts associated with low sea level air pressure
and heavy showers at this time ensure sufficient water for the
photosynthetic and generative processes and, accordingly,
give rise to a more intense pollen production.
The present paper analysed the association of the current
Ambrosia pollen counts with the current and past meteorolog-
ical elements. The importance of this kind of analysis is that a
knowledge of the past values of the meteorological variables
may help us to be better prepared for potential severe ragweed
pollen episodes. Previous studies concerning the analysis of
the relationship of the past values of the meteorological ele-
ments with the actual pollen season used linear correlations,
and hence their results might be unclear and contain distor-
tions (see first paragraph of the ‘Introduction’: Spieksma
et al. 1995; Ong et al. 1997; Giner et al. 1999). Here, a
generalised correlation was applied that is able to measure
not only the linear but also every kind of relationship be-
tween variables.
Table 3 Key periods of daily meteorological variables in the ragweed
pollen-free season preceding the actual pollen season. Key periods can be
classified into four groups according to the last column. Rainfall is not
classified as its correlation is significant only at a 0.12 level
Variable Key period Group of the key
periods
T June 27–July 7 (0.486) 1
T–Td January 27–February 5 (0.630) 2
SLP June 12–June 24 (−0.346) 1
WS December 6–December 15 (0.729) 3
Tmax April 25–May 5 (0.492) 4
Tmin November 19–November 28 (0.662) 3
RF May 14–May 25 (−0.239)
Tsoil April 12–April 23 (0.620) 4
Hsoil April 27–May 8 (0.399) 4
PBL December 2–December 13 (0.578) 3
T mean temperature (°C), T–Td mean dew point depression (°C), SLP
mean sea level atmospheric pressure (hPa), WS mean wind speed (m/s),
Tmax maximum air temperature (°C); Tmin minimum air temperature (°C),
RF rainfall amount (mm); Tsoil soil temperature (°C) at 10 cm depth;Hsoil
soil moisture (mm) at 10 cm depth, PBL mean planetary boundary layer
height (m)
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As was mentioned in the ‘Introduction’, daily ragweed
pollen concentration is influenced by a variety of factors and
processes. (1) Genetic attributes are constant for a given taxon,
and their difference for the individual taxa is manifested in
their different adaptation to climate cycles. (2) Soil type is also
constant for a given area. However, (3) the nutrient availability
generally changes over time and it is difficult to determine
exactly. (4) Land use changes for the Szeged area can be
described using CORINE Land Cover Database. However,
this database is available only for the years 1990, 2000 and
2006; hence, the regression of ragweed pollen levels as a
function of changing land use cannot be determined. In spite
of this, change in land use for the Szeged area was negligible
from the year 1990 to the year 2006. Thus, land use changes
did not influence the pollen concentration of Ambrosia over
the Szeged area in the period in question (Deák et al. 2013).
(5) The role of long-range pollen transport can be quantified
by statistical models (e.g. Makra et al. 2010) and numerical
simulation models (e.g. Sofiev et al. 2006a; Zink et al. 2012).
It strongly depends on the pollen production of the target area,
the source area and the route passed by air parcels. Hence, it is
difficult to determine the daily variation of the percentage of
the long-range pollen transport in the measured pollen
concentration.
Conclusions
Instead of a Pearson correlation that measures the strength of
the linear relationship between two random variables, distance
correlation (Székely and Rizzo 2013a) measuring every kind
of relationship between two random vectors was used in our
study. Distance and partial distance correlations (Székely and
Rizzo 2013b) between arrays of daily values of the 10 mete-
orological elements and the array of daily ragweed pollen
concentrations during the current pollen season were calculat-
ed. When the current values of these meteorological variables
were considered, the six most important variables turned out
to be two temperature variables (Tmin, T), two wetness vari-
ables (T–Td, RF) and two variables characterising the mixing
of the air (WS, PBL). As regards the past meteorological
conditions, the six most important variables contain four
temperature variables (T, Tmin, Tmax, Tsoil) and two variables
characterising large-scale weather patterns (SLP, PBL). An
identification of key periods of the past meteorological vari-
ables allows one to develop a statistical model that is able to
reduce the uncertainty concerning the upcoming ragweed
pollen season and hence to contribute to a more accurate
ragweed pollen forecast including days critical for pollen-
sensitised people well before the pollen season. Of course,
such a model would only be valid for the city of Szeged, but it
could be useful for other locations as well.
It should be added that previous studies numerically evalu-
ating the role of current and past weather conditions in
influencing the current local pollen concentration are not avail-
able in the literature, so our results could not be compared.
The 19-year ragweed pollen data set used in our analysis is
definitely long (the longest available for the whole Carpathian
Basin) when compared to the typical length of ragweed pollen
data sets in Europe. Although PBL and the soil variables (soil
temperature and soil humidity) were used as new elements,
every possible influencing variable could not be considered.
The hidden impact of other possible influencing variables is
presumed for those ‘influencing parameter−pollen count’ re-
lationships that cannot be interpreted from a phyto-
physiological point of view.
We should mention here that the results of the analysis
performed in our study are not independent of the environ-
mental conditions of a certain region as the metabolic features
of Ambrosia have adapted themselves to a certain climate
zone. In particular, our results for Ambrosia should be
interpreted just for a temperate climate zone.
Acknowledgments The authors would like to thank Gábor Motika
(Environmental Conservancy Inspectorate, Szeged, Hungary) for provid-
ing meteorological data of Szeged, Miklós Juhász (University of Szeged)
for delivering daily pollen concentration data of Szeged, Zoltán Sümeghy
for the digital mapping in Fig. 1, László Molnár of the National Meteo-
rological Service in Hungary for transmitting soil temperature and soil
humidity data of Szeged and for István Ihász of the National Meteoro-
logical Service in Hungary for providing planetary boundary layer data of
Szeged by using the ECMWF ERA Interim Database. This study was
supported by the European Union and the State of Hungary, co-financed
by the European Social Fund in the framework of TÁMOP 4.2.4. A/2-11-
1-2012-0001 ‘National Excellence Program’.
References
Bianchi DE, Schwemmin DJ, Wagner WH Jr (1959) Pollen release in the
common ragweed (Ambrosia artemisiifolia). Bot Gaz 120:235–243,
http://www.jstor.org/stable/2473311?seq=9
Chapman DS, Haynes T, Beal S, Essl F, Bullock JM (2014) Phenology
predicts the native and invasive range limits of common ragweed.
Glob Chang Biol 20:192–202. doi:10.1111/gcb.12380
Deák JÁ, Makra L, Matyasovszky I, Csépe Z, Muladi B (2013) Climate
sensitivity of allergenic taxa in Central Europe associated with new
climate change—related forces. Sci Total Environ 442:36–47. doi:
10.1016/j.scitotenv.2012.10.067
Dee DP, Uppala SM, Simmons AJ, Berrisford P, Poli P, Kobayashi S,
Andrae U, BalmasedaMA, BalsamoG, Bauer P, Bechtold P, Beljaars
ACM, van de Berg L, Bidlot J, Bormann N, Delsol C, Dragani R,
Fuentes M, Geer AJ, Haimberger L, Healy SB, Hersbach H, Hólm
EV, Isaksen L, Kållberg P, Köhler M, Matricardi M, McNally AP,
Monge-Sanz BM, Morcrette JJ, Park BK, Peubey C, de Rosnay P,
Tavolato C, Thépaut JN, Vitart F (2011) The ERA-interim reanalysis:
configuration and performance of the data assimilation system. Q J R
Meteorl Soc 137:553–597. doi:10.1002/qj.828, Part A
Draper N, Smith H (1981) Applied regression analysis, 2nd edn. Wiley,
New York
Int J Biometeorol (2015) 59:1179–1188 1187
Emberlin J, Norris-Hill J (1991) Annual, daily and diurnal variation of
Urticaceae pollen in North-Central London. Aerobiologia 7:49–57.
doi:10.1007/BF02450017
Galán C, Fuillerat MJ, Comtois P, Domínguez-Vilches E (1998)
Bioclimatic factors affecting daily Cupressaceae flowering in
Southwest Spain. Int J Biometeorol 41:95–100. doi:10.1007/
s004840050059
Galán C, Cariňanos P, García-Mozo H, Alcázar P, Domínguez-Vilches E
(2001) Model for forecasting Olea europaea L. airborne pollen in
South-West Andalusia, Spain. Int J Biometeorol 45:59–63. doi:10.
1007/s004840100089
Giner MM, García JSC, Sellés JG (1999) Aerobiology of Artemisia
airborne pollen in Murcia (SE Spain) and its relationship with
weather variables: annual and intradiurnal variations for three dif-
ferent species. Wind vectors as a tool in determining pollen origin.
Int J Biometeorol 43:51–63. doi:10.1007/s004840050116
Haraszty Á (ed.) (2004) Növényszervezettan és növényélettan. (Plant
Anatomy and Plant Physiology.) Nemzeti Tankönyvkiadó,
Budapest (in Hungarian)
Hirst JM (1952) An automatic volumetric spore trap. Ann Appl Biol 39:
257–265. doi:10.1111/j.1744-7348.1952.tb00904.x
Hodgins KA, Rieseberg L (2011) Genetic differentiation in life-history
traits of introduced and native common ragweed (Ambrosia
artemisiifolia) populations. J Evol Biol 24:2731–2749. doi:10.
1111/j.1420-9101.2011.02404.x
IPCC (2013) Intergovernmental Panel on Climate Change. Summary for
policymakers. Climate change 2013: the physical science basis.
Contribution of working group I to the fifth assessment report of
the Intergovernmental Panel on Climate Change. (Stocker TF, Qin
D, Plattner GP, TignorMMB,Allen SK, Boschung J, Nauels A., Xia
Y, Bex V, Midgley PM, eds.) Cambridge: Cambridge University
Press; 2013
JahnW, Vahle H (1968) Die Faktoranalyse und ihre Anwendung. (Factor
analysis and its application.) (in German), 231 pp, Verlag die
Wirtschaft, Berlin
Jones AM, Harrison RM (2004) The effects of meteorological factors on
atmospheric bioaerosol concentrations—a review. Sci Total Environ
326:151–180. doi:10.1016/j.scitotenv.2003.11.021
Käpylä M (1984) Diurnal variation of tree pollen in the air in Finland.
Grana 23:167–176. doi:10.1080/00173138409427712
Kazinczi G, Béres I, Novák R, Bíró K, Pathy Z (2008) Common ragweed
(Ambrosia artemisiifolia): a review with special regards to the
results in Hungary. I. Taxonomy, origin and distribution, morphol-
ogy, life cycle and reproduction strategy. Herbologia 9:55–91
Köppen W (1931) Grundriss Der Klimakunde. Walter De Gruyter & Co,
Berlin
Laaidi M, Thibaudon M, Besancenot JP (2003) Two statistical ap-
proaches to forecasting the start and duration of the pollen season
of Ambrosia in the area of Lyon (France). Int J Biometeorol 48:65–
73. doi:10.1007/s00484-003-0182-2
Láng F (ed.) (1998) Növényélettan. A növényi anyagcsere. (Plant phys-
iology. Metabolism of plants.) ELTE Eötvös Kiadó, Budapest (in
Hungarian)
Makra L, Sánta T, Matyasovszky I, Damialis A, Karatzas K, Bergmann
KC, Vokou D (2010) Airborne pollen in three European cities:
detection of atmospheric circulation pathways by applying three-
dimensional clustering of backward trajectories. J Geophys Res-
Atmos 115, D24220. doi:10.1029/2010JD014743
Makra L,Matyasovszky I, Deák JÁ (2011) Trends in the characteristics of
allergenic pollen circulation in Central Europe based on the example
of Szeged, Hungary. Atmos Environ 45:6010–6018. doi:10.1016/j.
atmosenv.2011.07.051
Makra L (2012) Különböző taxonok pollenjeinek komplex statisztikai
elemzése a meteorológiai elemekkel összefüggésben, különös
tekintettel a parlagfű pollenjére. (Complex statistical analysis of
pollen of different taxa, with special attention to Ambrosia pollen.)
MTA Doktori Értekezés (Doctoral Thesis, Hungarian Academy of
Sciences) Szeged (in Hungarian) http://real-d.mtak.hu/513/4/
Makra_Laszlo_doktori_mu.pdf
Ong EK, Taylor PE, Knox RB (1997) Forecasting the onset of the grass
pollen season inMelbourne (Australia). Aerobiology 13:43–48. doi:
10.1007/BF02694790
Pope FD (2010) Pollen grains are efficient cloud condensation nuclei.
Environ Res Lett 5:044015. doi:10.1088/1748-9326/5/4/044015, 6pp
Prentis PJ, Wilson JRU, Dormontt EE, Richardson DM, Lowe AJ (2008)
Adaptive evolution in invasive species. Trends Plant Sci 13:288–
294. doi:10.1016/j.tplants.2008.03.004
Puc M (2006) Ragweed and mugwort pollen in Szczecin, Poland.
Aerobiologia 22:67–78. doi:10.1007/s10453-005-9010-y
Sofiev M, Siljamo P, Ranta H, Rantio-Lehtimäki A (2006a) Towards
numerical forecasting of long-range air transport of birch pollen:
theoretical considerations and a feasibility study. Int J Biometeorol
50:392–402. doi:10.1007/s00484-006-0027-x
Sofiev M, Siljamo P, Valkama I, Ilvonen M, Kukkonen J (2006b) A
dispersion modelling system SILAM and its evaluation against
ETEX data. Atmos Environ 40:674–685. doi:10.1016/j.atmosenv.
2005.09.069
Speiksma FTM, Emberlin J, Hjelmroos M, Jäger S, Leuschner RM
(1995) Atmospheric birch (Betula) pollen in Europe: trends and
fluctuations in annual quantities and the starting dates of the seasons.
Grana 34:51–57. doi:10.1080/00173139509429033
Székely GJ, Rizzo ML (2013a) The distance correlation t-test of inde-
pendence in high dimension. J Multivar Anal 117:193–213. doi:10.
1016/j.jmva.2013.02.012
Székely GJ, Rizzo ML (2013b) Partial distance correlation with methods
for dissimilarities. Cornell University, Library, arXiv:1310.2926
[stat.ME]
Székely GJ, Rizzo ML, Bakirov NK (2007) Measuring and testing
dependence by correlation of distances. Ann Stat 35:2769–2794.
doi:10.1214/009053607000000505
Szigetvári, Cs., Benkő, Zs.R. (2004). Ürömlevelű parlagfű (Ambrosia
artemisiifolia). pp. 337–370. In: Mihály B, Botta-Dukát Z (eds.)
Özönnövények − Biológiai Inváziók Magyarországon. (Invasive
Plants – Biological Invasions in Hungary.) A KvVM
Természetvédelmi Hivatalának Tanulmánykötetei, (Essays of the
Conservation Agency of the Ministry of Environment and Water),
9. TermészetBúvár Alapítvány Kiadó, Budapest, 408 p. ISBN:
9638610751 (in Hungarian)
Venables KM, Allitt U, Collier CG, Emberlin J, Greig JB, Hardaker PJ,
Highham H, Lating-Morton T, Maynard RL, Murray V, Strachan D,
Tee RD (1997) Thunderstorm-related asthma—the epidemic of 24–
25 June 1994. Clin Exp Allergy 27:725–736. doi:10.1046/j.1365-
2222.1997.790893.x
Womiloju TO, Miller JD, Mayer PM, Brook JR (2003) Methods to
determine the biological composition of particulate matter collected
from outdoor air. Atmos Environ 37:4335–4344. doi:10.1016/
S1352-2310(03)00577-6
Zink K, Vogel H, Vogel B, Magyar D, Kottmeier C (2012) Modeling the
dispersion of Ambrosia artemisiifolia L. pollen with the model
system COSMO-ART. Int J Biometeorol 56:669–680. doi:10.
1007/s00484-011-0468-8
Ziska L, Epstein PR, Rogers CA (2008) Climate change, aerobiology, and
public health in the Northeast United States. Mitig Adapt Strateg
Glob Chang 13:607–613. doi:10.1007/s11027-007-9134-1
1188 Int J Biometeorol (2015) 59:1179–1188
